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Abstract 

We study the lightest CP-even Higgs boson mass in five kinds of testable flipped SU (5) x U{l)x 
models from F-theory. Two kinds of models have vector-like particles around the TeV scale, while 
the other three kinds also have the vector-like particles at the intermediate scale that can be 
considered as messenger fields in gauge mediated supersymmetry breaking. We require that the 
Yukawa couplings for the TeV-scale vector-like particles and the third family of the Standard Model 
(SM) fermions are smaller than three from the electroweak scale to the SU (3)c x SU{2)l unification 
scale. With the two-loop renormalization group equation running for the gauge couplings and 
Yukawa couplings, we obtain the maximal Yukawa couplings between the TeV-scale vector-like 
particles and Higgs fields. To calculate the lightest CP-even Higgs boson mass upper bounds, 
we employ the renormalization group improved effective Higgs potential approach, and consider 
the two-loop leading contributions in the supersymmetric SM and one-loop contributions from the 
TeV-scale vector-like particles. We assume maximal mixings between the stops and between the 
TeV-scale vector-like scalars. The numerical results for these five kinds of models are roughly the 
same. In particular, we show that the lightest CP-even Higgs boson can have mass up to 146 GeV 
naturally, which is the current upper bound from the CMS and ATLAS collaborations. 

PACS numbers: ll.lO.Kk, 11.25.Mj, ll.25.-w, 12.60.Jv 
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I. INTRODUCTION 



The Higgs boson mass in the Standard Model (SM) is not stable against qunatum cor- 
rections and has quadratic divergences. Because the reduced Planck scale is about 16 order 
larger than the electroweak (EW) scale, there exists huge fine-tuning to have the EW-scale 
Higgs boson mass, which is called the gauge hierarchy problem. Supersymmetry is a sym- 
metry between the bosonic and fermionic states, and it naturally solves this problem due to 
the cancellations between the bosonic and fermionic quantum corrections. 

In the Minimal Supersymmetric Standard Model (MSSM) with R parity under which 
the SM particles are even while the supersymmetric particles (sparticles) are odd, the 
SU{3)c X SU{2)l X U{1)y gauge couphngs can be unified around 2 x 10^^ GeV the 
lightest supersymmetric particle (LSP) such as the neutralino can be a cold dark matter 
candidate 2|, |3| , and the EW precision constraints can be evaded, etc. Especially, the gauge 
coupling unification strongly suggests Grand Unified Theories (GUTs), which can explain 
the SM fermion quantum numbers. However, in the supersymmetric SU{5) models, there 
exist the doublet-triplet splitting problem and dimension-five proton decay problem. Inter- 
estingly, these problems can be solved elegantly in the fiipped SU{5) x U{l)x models via 
missing partner mechanism j4-6|. Previously, the fiipped SU{5) x U{l)x models have been 
constructed systematically in the free fermionic string constructions at the Kac-Moody level 



one 



To solve the little hierarchy problem between the traditional unification scale 
and the string scale, two of us (TL and DVN) with Jiang have proposed the testable fiipped 
SU{5) X U{l)x models, where the TeV-scale vector-like particles are introduced j9|. There 
is a two-step unifcation: the SU{3)c x SU{2)l gauge couplings are unified at the scale M32 
around the usual GUT scale, and the SU{b) x U{l)x gauge couplings are unified at the 
final unification scale Mjr around 5 x 10^'' GeV |9|. Moreover, such kind of models have 



been constructed locally from the F-theory model building 
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ll|, and are dubbed as F- 



SU (5) llL In particular, these models are very interesting from the phenomenological point 



of view jll|: the vector-like particles can be observed at the Large Hadron Collider (LHC), 
proton decay is within the reach of the future Hyper-Kamiokande |l2| and Deep Under- 
ground Science and Engineering Laboratory (DUSEL) 13| experiments jl^lisl, the hybrid 
infiation can be naturally realized, and the correct cosmic primodial density fiuctuations can 
be generated [16 1. 
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With No-Scale boundary conditions at M_ 



T 



two of us (TL and DVN) with Maxin 



and Walker have described an extraordinarily constrained "golden point" 



18| and "golden 



strip" 19| that satisfied all the latest experimental constraints and has an imminently ob- 



servable proton decay rate 



14| . Especially, the UV boundary condition = gives very 



strong constraint on the viable parameter space, where 5^ is the soft bilinear Higgs mass 
term in the MSSM. In addition, exploiting a "Super-No-Scale" condition, we dynamically 
determined the universal gaugino mass M1/2 and the ratio of the Higgs Vacuum Expectation 



Values (VEVs) tan/3. Since M1/2 is related to the modu 
models, we stabilized the modulus dynamically 



20 



us field of the internal space in string 



21| . Interestingly, the supersymmetric 



particle (sparticle) spectra generially have a light stop and gluino, which are lighter than all 



the other squarks. T 
ultra high jet signals 



lus, we can test such kinds of models at the LHC by looking for the 



22 



23| . Moreover, the complete viable parameter space in no-scale J-"- 



SU{5) has been studied by considering a set of "bare minimal" experimental constaints 24 1. 
For the other LHC and dark matter phenomenological studies, see Refs. 25l-l27|. 

It is well known that one of main LHC goals is to detect the SM or SM-like Higgs boson. 
Recently, both the CMS 28| and ATLAS 29| collaborations have presented their combined 
searches for the SM Higgs boson, base on the integrated luminosities between 1 fb~^ and 
2.3 fb~^ depending on the search channels. For the light SM Higgs boson mass region 
preferred by the EW precision data, they have excluded the SM Higgs boson with mass 
larger than 145 GeV and 146 GeV, respectively. In the no-scale J^-SU (5) , the lightest CP- 
even Higgs boson mass is generically about 120 GeV if the contributions from the vector-like 
particles are neglected 30[. Thus, the interesting question is whether the lightest CP-even 
Higgs boson can have mass up to 146 GeV naturally if we include the contributions from 
the additional vector-like particles. 

In this paper, we consider five kinds of testable fiipped SU{5) x U{l)x models from 
F-theoy. Two kinds of models only have vector-like particles around the TeV scale. Be- 
cause t he g auge mediated supersymmetry breaking can be realized naturally in the F-theory 
GUTs 3]J], we also introduce vector-like particles with mass around 10^^ GeV [31|, which 
can be considered as messenger fields, in the other three kinds of models. We require that 
the Yukawa couplings for the TeV-scale vector-like particles and the third family of the SM 
fermions are smaller than three from the EW scale to the scale M32 from the perturbative 
bound, i.e., the Yukawa coupling squares are less than An. With the two-loop Renormal- 
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ization Group Equation (RGE) running for the gauge couplings and Yukawa couplings, we 
obtain the maximal Yukawa couplings for the TeV-scale vector-like particles. To calcu- 
late the lightest CP-even Higgs boson mass upper bounds, we employ the Renormalization 
Group (RG) improved effective Higgs potential approach, and consider the two-loop leading 
contributions in the MSSM and one-loop contributions from the TeV-scale vector-like par- 
ticles. For simplicity, we assume that the mixings both between the stops and between the 
TeV-scale vector-like scalars are maximal. In general, we shall increase the lightest CP-even 
Higgs boson mass upper bounds if we increase the supersymmetry breaking scale or decrease 
the TeV-scale vector-like particle masses. The numerical results for our five kinds of models 
are roughly the same. For the TeV-scale vector-like particles and sparticles with masses 
around 1 TeV, we show that the lightest CP-even Higgs boson can have mass up to 146 GeV 
naturally. 

This paper is organized as follows. In Section II, we briefly review the testable flipped 
SU{5) X U{l)x models from F-theory and present five kinds of models. We calculate the 
lightest CP-even Higgs boson mass upper bounds in Section HI. Section IV is our conclusion. 
In Appendices, we present all the RGEs in five kinds of models. 

II. TESTABLE FLIPPED SU{5) x U{l)x MODELS FROM F-THEORY 

We first briefly review the minimal flipped SU{5) model 0-0. The gauge group for 
flipped SU{5) model is SU{5) x U{l)x, which can be embedded into 5*0(10) model. We 
define the generator U{1)y' in SU{5) as 

Tu(iv=diag(-i,-l,-i,i,i). (1) 

The hypercharge is given by 

Qy = 1{Qx-Qy'). (2) 
There are three families of the SM fermions whose quantum numbers under SU (5) xU{l)x 

are 

= (10,1), /, = (5,-3), k = {l,5), (3) 
where z = 1, 2, 3. The SM particle assignments in Fi, fi and /j are 

= (Q„ D1, N^), 7, = {U^, U), k = El , (4) 



where Qi and Lj are respectively the superfields of the left-handed quark and lepton doublets, 
f/f , Dl, Ef and iVf are the CP conjugated superfields for the right-handed up-type quarks, 
down-type quarks, leptons and neutrinos, respectively. To generate the heavy right-handed 
neutrino masses, we introduce three SM singlets (pi 32 1. 

To break the GUT and electroweak gauge symmetries, we introduce two pairs of Higgs 
representations 

H = (10, 1), H = (TO, -l),h = (5, -2), h = (5, 2). (5) 

We label the states in the H multiplet by the same symbols as in the F multiplet, and for 
H we just add "bar" above the fields. Explicitly, the Higgs particles are 

H = (Qh, D^^,N^j,),H= (Q^, D'j^, Wjt) , (6) 

h = (D,, Dh, Df,, H,),h = (Dj^,Dj^,Dj^, H^) , (7) 

where and are one pair of Higgs doublets in the MSSM. We also add one SM singlet 
$. 

To break the SU{5) x U{l)x gauge symmetry down to the SM gauge symmetry, we 
introduce the following Higgs superpotential at the GUT scale 



Wgvt = \iHHh + X2HHh + <l>{HH - M^) . (8) 

There is only one F-flat and D-flat direction, which can always be rotated along the and 
Nj^ directions. So, we obtain that < >=< Njj >= Mh. In addition, the superfields 
H and H are eaten and acquire large masses via the supersymmetric Higgs mechanism. 



except for Djj and D-^. The superpotential XiHHh and \2HHh couple the -D|^ and Djj 
with the Dh and D-j^, respectively, to form the massive eigenstates with masses 2Ai < > 
and 2X2 < Njj >. So, we naturally have the doublet-triplet splitting due to the missing 



partner mechanism j^l. Because the triplets in h and h only have small mixing through the 
/i term, the Higgsino-exchange mediated proton decay are negligible, i.e., we do not have 
the dimension-5 proton decay problem. 

The SM fermion masses are from the following superpotential 

W^Yukawa = vS^^iF^h + vl'/Fjj-h + y^J^h + fihh + y^^^P^TlF, , (9) 



where yjj, y^^ , yfj and yfj are Yukawa couplings, and /i is the bihnear Higgs mass term. 

After the SU{5) x U{l)x gauge symmetry is broken down to the SM gauge symmetry, 
the above superpotential gives 

WssM = yF,D^,QjH, + yf^U^QjH^ + yf^E^L,H, + yf/N^L^H^ 

+fiHdHu + (N"h) <PiN- +■■■ (decoupled below Mgut). (10) 



Simi 
tion 



iiiij 



ar to the flipped SU{b) x U{l)x models with string-scale gauge coupling unifica- 
33| . we introduce vector-like particles which form complete flipped SU{b) x U{l)x 
multiplets. The quantum numbers for these additional vector-like particles under the 
SU{b) X U{l)x gauge symmetry are 



XF=(10,1) , XF= (10,-1) , (11) 



X/ = (5,3) , X/ = (5,-3) , (12) 
X/=(l,-5), XI =(1,5), (13) 
X/i = (5, -2) , = (5, 2) , (14) 



XT = (10,-4) , XT = (10,4) . (15) 



Moreover, the particle contents from the decompositions of XT, XT, X/, X/, X/, X/, 



Xh, Xh, XT, and XT, under the SM gauge symmetry are 



XT = (xg, XD^, XX") , XT = (xg^ xt, xx) , (le) 



Xf = {XU, XL') , Xf = (Xt/^ XT) , (17) 
Xl = XE , XI = XE" , (18) 
Xh = (XT, XT) , Th = (XT^ XL") , (19) 



XT = (XF, XU", XT) , XT = {XY", XU, XE") . (20) 

Under the SU{3)c x SU{2)l x U{1)y gauge symmetry, the quantum numbers for the extra 
vector-like particles are 

Xg = (3,2,^) , Xg"=(3,2,-^) , (21) 
Xt/=(3,1,|) , X?7" = (3,l,-|) , (22) 
XT = (3, 1, -i) , XT" = (3, 1, i) , (23) 
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XL = (1,2,-1) , XL^= (1,2,1) , (24) 

XE = (1,1,-1) , XE^= (1,1,1) , (25) 

XiV= (1,1,0) , XN' = (1,1,0) , (26) 

XY = {3,2,-^) , XF^ = (3,2,^) . (27) 

To separate the mass scales M32 and Mjr in our F-theory flipped SU{5) x U{l)x models, 
we need to introduce sets of vector-like particles around the TeV scale or intermediate scale 
whose contributions to the one- loop beta functions satisfy Abi < A62 = A63. To avoid the 
Landau pole problem, we have shown that there are only five possible such sets of vector-like 



particles as follows due to the quantizations of the one-loop beta functions 



9| 



ZO: XF + XF ; (28) 



Z1:XF + XF + Xl + Xl; (29) 



Z2:XF + XF + Xf + Xf; (30) 



Z3 : XF + XF + XI + XI + Xh + Xh ; (31) 



Z4:XF + XF + Xh + Xh . (32) 

We have systematically constructed flipped SU{5) x U{l)x models with generic sets of 
vector-like particles around the TeV scale and/or around the intermediate scale from the 
F-theory. In addition, gauge mediated supersymmetry breaking can be realized naturally 



in the F-theory GUTs 



3l|, and there may exist vector-like particles as the messenger fields 



at the intermediate scale around 10 GeV 



3l|. Therefore, in this paper, we shall calculate 



the lightest CP-even Higgs boson mass in five kinds of the flipped SU{5) x U{l)x models 



from F-theory: (i) In Model I, we introduce the ZO set of vector-like particles {XF, XF) 
at the TeV scale, and we shall add superheavy vector-like particles around M32 so that the 
SU (5) X U {l)x unification scale is smaller than the reduced Planck scale; (ii) In Model II, we 



introduce the vector-like particles {XF, XF) at the TeV scale and the vector-like particles 



{Xf, Xf) at the intermediate scale which can be considered as the messenger fields; (iii) 



In Model III, we introduce the vector-like particles {XF, XF) at the TeV scale and the 



vector-like particles {Xf, Xf) and {XI, XI) at the intermediate scale; (iv) In Model IV, 



we introduce the Zl set of vector-like particles {XF, XF) and {XI, XI) at the TeV scale; 



(v) In Model V, we introduce the vector-like particles {XF, XF) and {XI, XI) at the 
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TeV scale, and the vector-like particles [Xf, Xf) at the intermediate scale. In particular, 
we emphasize that the vector-like particles at the intermediate scale in Models II, III, and 
V will give us t he g eneralized gauge medidated supersymmetry breaking if they are the 
messenger fields 3J]. By the way, if we introduce the vector-like particles {Xh, Xh) at 
the intermediate scale which are the traditional messenger fields in gauge mediation, the 
discussions are similar and the numerical results are almost the same. Thus, we will not 
study such kind of models here. 

For simplicity, we assume that the masses for the vector-like particles around the TeV 
scale or the intermediate scale are universal. Also, we denote the universal mass for the 
vector-like particles at the TeV scale as My, and the universal mass for the vector- like 
particles at the intermediate scale as Mj. With this convention, we present the vector-like 
particle contents of our five kinds of models in Table [H In the following discussions, we shall 
choose Mj = 1.0 X 10^^ GeV. Moreover, we will assume universal supersymmetry breaking 
at low energy and denote the universal supersymmetry breaking scale as M5. 



Models 


Vector-Like Particles at My 


Vector-Like Particles at Af/ 


Model I 


{XF, XF) 




Model II 


{XF, XF) 


{Xf, Xf) 


Model III 


{XF, XF) 


{Xf,Xf), {XI, XI) 


Model IV 


{XF, XF), {XI, XI) 




Model V 


{XF, XF), {XI, XI) 


{Xf, Xf) 



TABLE I: The vector-like particle contents in Model I, Model II, Model III, Model IV, and Model 
V. 



It is well known that there exists a few pecent fine-tuning for the lightest CP-even Higgs 
boson mass in the MSSM to be larger than 114.4 GeV. In all the above five kinds of models. 



we have the vector-like particles XF and XF at the TeV scale. Then we can introduce the 
following Yukawa interaction terms between the MSSM Higgs fields and these vector-like 
particles in the superpotential in the fiipped SU{5) x U{l)x models: 

1. 



W = -Y^dXFXFh + -Y^uXFXFh , (33) 
where Y^ci and Vj;„ are Yukawa couplings. After the gauge symmetry SU{5) x U{l)x is 
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broken down to the SM gauge symmetry, we have the following relevant Yukawa coupling 
terms in the superpotential 

W = Y^dXQXD'Hd + YluXQ'^XDHu . (34) 

To have the upper bounds on the lightest CP-even Higgs boson mass, we first need to 
calculate the upper bounds on the Yukawa couplings Y^^u and Y^d- In this paper, employing 
the two-loop RGE running, we will require that all the Yukawa couplings including Y^^ and 
Y^d are smaller than three (perturbative bound) below the SU (3)c x SU (2) l unification scale 
M32 for simplicity since M32 is close to the SU{5) x U{l)x unification scale Mjf. The other 
point is that above the scale M32, there might exist other superheavy threshold corrections 
and then the RGE running for the gauge couplings and Yukawa couplings might be very 
complicated. Moreover, we will not give the two-loop RGEs in the SM and the MSSM, 
which can be easily found in the literatures, for example, in the Refs. 
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We shall 



present the RGEs in the SM with vector-like particles, and Models I to V in the Appendices 
A, B, C, D, E, and F, respectively. 

III. THE LIGHTEST CP-EVEN HIGGS BOSON MASS 

In our calculations, we employ the RG improved effective Higgs potential approach. The 
two-loo p le ading contributions to the lightest CP-even Higgs boson mass ruh in the MSSM 



are 



37|, 



3 

KImSSM = Af|cos^23(l-g-j-|-«) 



where Mz is the Z boson mass, nit is the MS top quark mass, v is the SM Higgs VEV, and 
as is the strong coupling constant. Also, t and Xt are given as follows 

t = log^, X. = -^(l-^), A = A-Acot/3, (36) 

where Mt is the top quark pole mass, and At denotes the trilinear soft term for the top 
quark Yukawa coupling term. 

Moreover, we use the RG-improved one- loop effective Higgs potential approach to cal- 
culate the contributions to the lightest CP-even Higgs boson mass from the vector-like 
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particles [39|, |40[. Such contributions in our models are 

Am^ = -^M| cos^ 2/3(yl + Y^,)ty + ^ x {Y^\[ty + \ 



+YxuYxd[- 
_|_y2 ■y>2 r 



3(M| + M2 )2 3(M| + M2) 



(M| + M2 )2 3(M| + M, 



^ ^,3 2M|(2M| + M^) i,.,(2i,., + ^J 1 

+ 3(M| + M2)2 3(M| + M2) J + ^-'^^*^ + 2^^'^J>' ^"^^^ 



where 



Yxu = Yxu sin /3, = F^;^ cos /3, = log 



2M|(5M| + 4M^) - 4(3M| + 2M^)iL + 
6(M2 + M|)2 

2M|(5M| + 4M^)-4(3M| + 2M^)iL + ^^d 
6(M2 + M|)2 

= - /i cot /3, A^d = A^d- fJ' tan /3, (38) 

where A^u and Aa;^ denote the supersymmetry breaking trilinear soft terms for the super- 
potential Yukawa terms Y^uXQ'^XDHu and YxdXQXD'^Hd, respectively. 

The third, fourth, fifth, and sixth terms in Eq. (1371) are suppressed by the inverses of 
tan/3, tan^ /3, tan^/3, and tan'^ /3, respectively. To have the lightest CP-even Higgs boson 
mass upper bounds, we usually need tan /3 ~ 22 from the numerical calculations. Especially, 
in order to increase the lightest CP-even Higgs boson mass, we should choose relatively 
large Y^u and small Y^d [3, Q] • Thus, for simplicity, we only employ the first and second 
terms in our calculations, i.e., the first line of Eq. ( 1371) . In order to have larger corrections 
to the lightest CP-even Higgs boson mass, we consider the maximal mixings Xt and Xxu 
respectively for both the stops and the TeV-scale vector-like scalars, i.e., Xt = 6 with 

= 6M|, and X.. = | + ij^g^ff^ with iL = 6M| + 4M^. 

In this Section, we shall calculate the lightest CP-even Higgs boson mass in our five kinds 
of models. The relevant parameters are the universal supersymmetry breaking scale Ms, 
the light vector-like particle mass My, the intermediate scale Mj, the mixing terms Xf and 
Xy respectively for the stops and TeV-scale vector-like scalars, and the two new Yukawa 
couplings for TeV-scale vector-like particles Y^u and Y^d- Because we consider low energy 
supersymmetry, we choose Ms from 360 GeV to 2 TeV. In order to increase the lightest 
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FIG. 1: (color online). The upper bounds on the lightest CP-even Higgs boson mass versus tan/3 
for our five kinds of models with Y^a = 0, Ms = 800 GeV, and Af/ = 1.0 x 10^^ GeV. The upper 
lines, middle lines, and lower lines are for My = 400 GeV, 1000 GeV, and 2000 GeV, respectively. 

CP-even Higgs boson mass, we need to choose small My as well. The experimental lower 
bound on My is about 325 GeV 411, ^^^^ choose My from 360 GeV to 2 TeV. In our 

numerical calculations, we will use the SM input parameters at scale Mz from Particle Data 
Group [42]. In particular, we use the updated top quark pole mass Mt = 172.9 GeV, and 



42| 



the corresponding MS top quark mass = 163.645 GeV 

In this paper, we require that all the Yukawa couplings for both the TeV-scale vector- 
like particles and the third family of SM fermions are less than three (perturbative bound) 
from the EW scale to the scale M32. To obtain the upper bounds on the Yukawa couplings 
Y^u and Y^a at low energy, we consider the two-loop RGE running for both the SM gauge 
couplings and all the Yukawa couplings. The only exception is that when My < Ms, we use 
the two-loop RGE running for the SM gauge couplings and one-loop RGE running for all 
the Yukawa couplings from My to Ms, see Appendix A for details. Because in this case My 



12 



120 



— Model l,M,,=400 
Model ll,M^,=400 

— Model III, =400 

— Model IV,M„=400 

— Model V,M,, =400 



Model l,M„ = 1000 
Model II, = 1000 
Model III, M„ = 1000 
Model IV,Mi, = 1000 
Model V,M,, = 1000 



Model l,Mi,.=2000 
Model ll,A^^,=2000 
Model lll,Mj, = 2000 
Model IV,M„ =2000 
Model V,M,,=2000 



no- 



lo 



20 



30 



40 



50 



tan/3 



FIG. 2: (color online). The upper bounds on the lightest CP-even Higgs boson mass versus tan/3 
for our five kinds of models with Y^^diMy) = Y^u{Mv), Ms = 800 GeV, and Mj = 1.0 x 10^^ GeV. 
The upper lines, middle lines, and lower lines are for My = 400 GeV, 1000 GeV, and 2000 GeV, 
respectively. 

is still close to Ms, such small effects are negligible. After we obtain the upper bounds on 
Yxu and Yxd, we use the maximal Y^u to calculate the upper bounds on the lightest CP-even 
Higgs boson mass with the maximal mixings for stops and TeV-scale vector-like scalars. 

First, we consider Y^a = 0, Ms = 800 GeV, and M/ = 1.0 x 10" GeV. We choose three 
values for My: My = 400 GeV, 1000 GeV, and 2000 GeV. In Fig. [H we present the upper 
bounds on the lightest CP-even Higgs boson mass by varying tan /3 from 2 to 50. We find that 
for the same My, the upper bounds on the lightest CP-even Higgs boson mass are almost 
the same for five kinds of models. In particular, the small differences are less than 0.4 GeV. 
Because the gauge couplings will give negative contributions to the Yukawa coupling RGEs, 
we will have a little bit larger maximal Yukawa couplings Y^u if the vector-like particles 
contribute more to the gauge coupling RGE running. Thus, the Model order for the lightest 
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FIG. 3: (color online). The upper bounds on the lightest CP-even Higgs boson mass versus My 
for our five kinds of models with Y^d = 0, tan /3 = 20, Ms = 800 GeV, and M/ = 1.0 x lO^^ GeV. 

CP-even Higgs boson mass upper bounds from small to large is Model I, Model IV, Model 
II, Model III, Model V. Also, the upper bounds on the lightest CP-even Higgs boson mass 
will decrease when we increase My, which is easy to understand from physics point of view. 
Moreover, the maximal Yukawa couplings Y^u are about 0.96, 1.03, and 1.0 for tan/3 = 2, 
tan /3 ~ 23, and tan/3 = 50, respectively. In addition, for My = 400 GeV and tan/3 ^ 21, 
My = 1000 GeV and tan/3 ~ 23.5, and My = 2000 GeV and tan/3 ^ 24.5, we obtain 
the lightest CP-even Higgs boson mass upper bounds around 153.5 GeV, 141.6 GeV, and 
136.8 GeV, respectively. 

Second, we consider Y^d = Yxu at the scale My, Ms = 800 GeV, and M/ = 1.0 x 10^^ GeV. 
We choose three values for My. My = 400 GeV, 1000 GeV, and 2000 GeV. In Fig. we 
present the upper bounds on the lightest CP-even Higgs boson mass by varying tan /3 from 
2 to 50. For tan/3 < 40, we find that the lightest CP-even Higgs boson mass upper bounds 
are almost the same as those in Fig. [H However, for tan/3 > 40, we find that the lightest 
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FIG. 4: (color online). The upper bounds on the lightest CP-even Higgs boson mass versus Ms 
for our five kinds of models with Y^d = 0, tan /3 = 20, and = 1.0 x 10^^ GeV. The upper lines, 
middle lines, and lower lines are for My = 400 GeV, 1000 GeV, and 2000 GeV, respectively. 

CP-even Higgs boson mass upper bounds decrease fast when tan /3 increases. At tan (5 = 50, 
the upper bounds on the hghtest CP-even Higgs boson mass are smaller than 130 GeV for 
all our scenarios. The reasons are the following: for tan /3 < 40, the Yukawa couplings Y^u 
and Yt are easy to run out of the perturbative bound, while for tan/3 > 40, the Yukawa 
couplings Yxd, Yfj, and especially Yr are easy to run out, where Yt, Y^ and 1^ are Yukawa 
couplings for the top quark, bottom quark, and tau lepton, respectively. In particular, for 
tan /3 = 50, the maximal Yukawa couplings Y^d = Y^u are as small as 0.67 while they are 
about 1.025 for tan/3 < 40. 

Third, we consider Y^d = 0, tan/3 = 20, Ms = 800 GeV, and Mj = 1.0 x 10^^ GeV. In 
Fig. [3l we present the upper bounds on the lightest CP-even Higgs boson mass by varying 
My from 360 GeV to 2 TeV. We can see that as the value of My increases from 360 GeV to 
2 TeV, the upper bounds on the lightest CP-even Higgs boson mass decrease from 155 GeV 
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to 137 GeV. In particular, to have the hghtest CP-even Higgs boson mass upper bounds 
larger than 146 GeV, we obtain that My is smaller than about 700 GeV. Moreover, the 
maximal Yukawa couplings Y^u vary only a little bit, decreasing from about 1.029 to 1.016 
for Mv from 360 GeV to 2 TeV. 

Fourth, we consider Y^d = 0, tan/3 = 20, and M/ = 1.0 x 10^^ GeV. We choose three 
values for My: My = 400 GeV, 1000 GeV, and 2000 GeV. In Fig. H we present the upper 
bounds on the lightest CP-even Higgs boson mass by varying Ms from 360 GeV to 2 TeV. 
As the value of Ms increases, the upper bounds on the lightest CP-even Higgs boson mass 
increase from about 143 GeV to 162 GeV, from about 136 GeV to 150 GeV, and from about 
134 GeV to 141 GeV, for My = 400 GeV, 1000 GeV, and 2000 GeV, repectively. Especially, 
to have the lightest CP-even Higgs boson mass upper bounds larger than 146 GeV, we obtain 
that Ms is larger than about 430 GeV and 1260 GeV for My = 400 GeV and 1000 GeV, 
respectively. Moreover, the maximal Yukawa couplings Y^^ decrease from about 1.049 to 
1.007 for Ms from 360 GeV to 2 TeV. 

Fifth, we consider Y^d = 0, tan/3 = 20, and Ms = 800 GeV. Also, we choose three values 
for My: My = 400 GeV, 1000 GeV, and 2000 GeV, and three values for Xf. Xt = 0, 3, and 
6. For simplicity, we only consider Model I here. In Fig. [5l we present the upper bounds 
on the lightest CP-even Higgs boson mass by varying Ar^u- As we expected, they behave 
just like the variations of the lightest CP-even Higgs boson mass upper bounds with varying 
stop mixing Xt, which have been studied extensively before in Refs. 431-146 1 . 



IV. CONCLUSION 



We calculated the lightest CP-even Higgs boson mass in five kinds of testable flipped 
SU (5) X U (l)x models from F-theory. Two kinds of models have vector-like particles around 
the TeV scale, while the other three kinds also have the vector-like particles at the inter- 
mediate scale as the messenger fields in gauge mediation. The Yukawa couplings for the 
TeV-scale vector-like particles and the third family of the SM fermions are required to be 
smaller than three from the EW scale to the scale M32. With the two- loop RGE running 
for both the gauge couplings and Yukawa couplings, we obtained the maximal Yukawa cou- 
plings between the TeV-scale vector-like particles and Higgs fields. To calculate the lightest 
CP-even Higgs boson mass upper bounds, we used the RG improved effective Higgs poten- 
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FIG. 5: (color online). The upper bounds on the lightest CP-even Higgs boson mass versus Xxu 
in Model I with Y^d = 0, tan/3 = 20, Ms = 800 GeV, My = 400 GeV, 1000 GeV, and 2000 GeV, 
and Xt = 0, 3, and 6. 

tial approach, and considered the two-loop leading contributions in the MSSM and one-loop 
contributions from the TeV-scale vector-like particles. For simplicity, we assumed that the 
mixings both between the stops and between the TeV-scale vector-like scalars are maximal. 
The numerical results for these five kinds of models are roughly the same. With My and Ms 
around 1 TeV, we showed that the lightest CP-even Higgs boson mass can be close to 146 
GeV naturally, which is the upper bound from the current CMS and ATLAS collaborations. 
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Appendix A: Renormalization Group Equations in the SM with Vector-Like Par- 
ticles 



When My < Ms, at the renormahzation scale between them, we have the Standard Model 
plus vector-hke particles, with the RGE's for the gauge couplings and Yukawa couplings as 
follows |47H5o|: 



a=u,d,e,xu,xa 



(Al) 



where t = In/i and fi is the renormalization scale. The gi, g2 and g^ are the gauge couplings 
for f/(l)y, SU{2)l and S'f/(3)c, respectively, where we use the SU{b) normalization gi = 
(5/3)5'y. The beta-function coefficients are 
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Appendix B: Renormalization Group Equations in Model I 



In the Model I, the two-loop renormalization group equations for the gauge couplings are 



(Bl) 



a=u,d,e,xu,xd 

where Yu, Yd, Ye, Y^u, and Y^d are the Yukawa couplings for the up-type quark, down-type 



quark, lepton, vector-like particles XF, and vector-like particles XF, respectively. The 
beta-function coefficients are 
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The two-loop renormalization group equations for Yukawa couplings are 
where a = u, d, e, xu, xd. In addition, fiyl and Py} are given as follows 
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-W^Y^Y^^Yl - 3FiF,Tr(3r,Fi + Y,Y}) - W^Y.Y^Y,, - AYJy.yJy, 
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Appendix C: Renormalization Group Equations in Model II 



In Model II, below the intermediate scale Mj = 1.0 x 10 GeV, we have the same RGEs 



as in Model I. Above Mj, we have additional vector-like particles {Xf, X f). Thus, we need 



to add extra contributions to b and B from the vector-like particles {Xf, Xf). Comparing 
to the RGEs in Model I, we also need to change the coefficients of the g^, g\ and g\ terms in 
1^y}i Py}i PyIuI ^^"^ f^yld'' change the coefficients of the g2 and g\ terms in . In short, 
comparing to the RGEs in Model I, the coefficients in the RGEs above M/, which need to 
be changed, are the following: 
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Appendix D: Renormalization Group Equations in Model III 



In Model III, below the intermediate scale Mj = 1.0 x 10 GeV, we have the same RGEs 



as in Model I. Above M/, we have additional vector-like particles (A/, A/) and (A/, XI). 



Thus, we need to add extra contributions to b and B from the vector-like particles (A/, A/) 
and {XI, XI). Comparing to the RGEs in Model I, we also need to change the coefficients 
of the and gf terms in /Jy?-*, (^y}^, and and change the coefficients of the g2 

and gf terms in /Jy'*. In short, comparing to the RGEs in Model I, the coefficients in the 



RGEs above M/, which need to be changed, are the following: 
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Appendix E: Renormalization Group Equations in Model IV 

In Model IV, we have additional vector-like particles XI and XL Thus, we need to add 

extra contributions to b and B from the vector-like particles XI and XL Comparing to the 

RGEs in Model I, we also need to change the coefficients of the gi terms in /Sy], /Sy] , f^y^ , 
(2) (2) 

/SyJ^, and (3yJ^- In short, comparing to the RGEs in Model I, the corresponding coefficients 
of the RGEs, which need to be changed, are the following: 
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Appendix F: Renormalization Group Equations in Model V 



In Model V, below the intermediate scale Mi = 1.0 x 10^^ GeV, we have the same RGEs 
as in Model IV. Above Mj, we have extra vector-like particles {Xf, Xf), and we have the 
same RGEs as in Model III. 
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